ABSTRACT
by checking against the failure curves, with the consideration of both fracture and plasticity of 66 pipe materials.
67
For fracture analysis of pipes made of ductile materials, if the portion of the fracture resistance 68 within the elastic range can be determined, the widely available results based on linear elastic 69 fracture mechanics can be readily applied. In this way, the simple criterion of stress intensity proposed an analytical model of elastic fracture toughness for steel pipes with internal cracks but 74 that study is limited to internal longitudinal cracks under a single loading, i.e., internal pressure.
75
As is well known, the stress intensity factors are geometry and stress (loading) dependent.
76
Although fracture toughness is a material property, it is also affected by geometry and loading 
89

FORMULATION OF ELASTIC FAILURE TOUGHNESS
90
It is known that a cracked brittle pipe fails when the stress intensity factor at the crack front 
where is the applied loading and is the corresponding plastic load limit of the cracked pipes.
115
Based on experimental results, a relationship between and has been developed as follows 
118
where the maximum value of is defined as ⁄ , is the yield stress and is the uniaxial 119 flow stress, calculated as the average of the yield and ultimate tensile strengths. Equation (6) has 120 been widely used by researchers and practitioners as the failure assessment of cracked structures.
 6  It needs to be noted that Equation (6) 
134
Formula for Stress Intensity Factor (SIF). As it is known, the axial tension and bending forces 
139
where is the applied stress, which can be induced by axial tension or induced by 140 bending , is the crack depth, is the shape factor for an ellipse, is half crack length, and 141 are the thickness and internal radius of the pipe respectively, is used to define the position 142 along the semi-elliptical crack and is the influence coefficient for Mode I fracture, as a
In order to obtain a general formula for pipes with circumferential surface cracks, three- 
where the values of coefficient ℎ ( = 1, 2, ⋯ , 9) are listed in Table 1 for different loadings and 158 geometries ( ⁄ ranges from 0.4-1.5, ⁄ ranges from 0.2-0.8, and ⁄ ranges from 0.1-1).
159
Equation (8) is within ∓6% of the finite element results, which is sufficiently accurate for 160 deriving .
161
For pipes under a combination of axial tension and bending, the SIFs can be calculated based on 162 the principle of superposition (Anderson 1991) When the axial tension is constant, the plastic limit bending moment can be expressed as follows
When the axial tension increases linearly with the bending moment, let the ratio of axial tension 194 to bending moment be defined as follows
196
Substituting Equation (16) into Equation (12), the plastic limit bending moment can be obtained 
constant ratio, the relationship between and can be expressed as follows
217
By solving Equations (6) and (22) 
222
When the critical state of pipe failure is reached, the stress intensity factor for the brittle 223 fracture will become the elastic critical limit, i.e., elastic fracture toughness , and becomes 224 the ratio defined in Equation (2). It follows that can be expressed as follows
The plastic portion of the fracture toughness can be determined by subtracting the elastic portion 227 in the total fracture toughness intensity factors via non-linear regression respectively, as the same is used.
251
The results from Raju and Newman (1986) are also used for comparison of the stress intensity 252 factors and good agreement has been achieved with a maximum difference of 5.8%. In addition, provide some safety margin for assessment.
 13  Using the derived model, the structural failure of pipes with circumferential external surface 258 cracks under combined tension and bending can be assessed by Equation (4), in which and 259 are calculated by Equations (11) and (24) respectively.
260
To demonstrate the application of the derived model for elastic fracture toughness, a pressurized deformation the pipe will endure, which means the pipe will fail in a more plastic manner. This 289 makes sense from both the theoretical analysis and practical observation. Similarly, the larger the 290 yield strength of the pipe material is, the higher portion of the brittle fracture the pipe will offer,
291
which indicates that the pipe will fail in a more brittle way. Again, this is consistent with practical 292 experience.
293
Since the relative crack depth ⁄ is a critical factor that affects the pipe failure its effect on 294 failure mode has also been investigated. As shown in Figure 6 , when the relative depth increases 295 from 0.2-0.8, the pipe material exhibits more brittleness. This can be explained by the amount of 296 materials ahead of the crack front. Larger relative depth means less material to develop plastic 297 deformation. Therefore, the pipe failure will tend to be at a lower level of plasticity.
298
CONCLUSIONS
299
An analytical model of elastic fracture toughness for ductile metal pipes with circumferential 300 external surface cracks under combined axial tension and bending has been derived in this paper.
301
The derived elastic fracture toughness is a function of crack geometry, material properties and 302 loading conditions of the cracked pipe. One of the benefits for deriving elastic fracture toughness 303 is that the well established linear elastic fracture mechanics can be used for ductile materials in 304 predicting the fracture failure. It has been found in the paper that the elastic fracture toughness 
